Pulsed electric fields with nanosecond duration and high amplitude have effects on biological subjects and bring new venue in disease diagnosis and therapy. To address this respect, we investigated the responses of paired tumor and normal human skin cells -a basal cell carcinoma (BCC) cell line, and its sister normal cell line (TE) -to nanosecond, megavoltper-meter pulses. When BCC (TE 354.T) and TE (TE 353.SK) cells, cultured under standard conditions, were exposed to 30 ns, 3 MV/m, 50 Hz pulses and tested for membrane permeabilization, viability, morphology, and caspase activation, we found that nanoelectropulse exposure: 1) increased cell membrane permeability in both cell lines but to a greater extent in BCC cells than in normal cells; 2) decreased cell viabilities with BCC cells affected more than normal cells; 3) induced morphological changes in both cell lines including condensed and fragmented chromatin with enlarged nuclei; 4) induced about twice as much caspase activation in BCC cells compared to normal cells. We concluded that in paired tumor and normal skin cell lines, the response of the tumor cells to nanoelectropulse exposure is stronger than the response of normal cells, indicating the potential for selectivity in therapeutic applications.
Introduction
The application of pulsed electric fields with nanosecond duration (10 to 300 ns) and high intensity (up to 35 MV/m) -called nanopulses, nsPEFs, or nanoelectropulses -to biological systems has attracted the attention of both physicists and biologists. Nanopulses are non-ionizing and do not cause significant heating (1). They can disrupt cell membrane integrity, externalize phosphatidylserine (annexin-V binding) (2), release intracellular calcium (3), activate caspases (4), promote the release of cytochrome c into the cytoplasm, induce apoptosis (5) , and activate platelets (6). Theoretical analysis and empirical data suggest that the effects of nanoelectropulses on biological systems are different from those of classical electroporative pulses. Nanosecond pulses of sufficient amplitude permeabilize intracellular membranes in addition to the plasma membrane and produce nuclear changes not observed with longer, lower-field pulses (7, 8) .
Mathematical models of cells in intense, nanosecond pulsed electric fields (9-12) predict the formation of nanometer-diameter pores in both intracellular membranes and in the plasma membrane. The nanoelectropulse signal reaches everywhere in the cell and is not blocked by the plasma membrane (9). Nanopores allow the passage of small inorganic ions, as well as some organic dyes like YO-PRO-1 and, to a lesser extent, propidium iodide (3, 13) . However, nanopulse effects on cells are more complicated than simple nanopore permeabilization.
Nanoelectropulse-induced apoptosis (programmed cell death) may be an important component of a new, minimally invasive and minimally scarring therapy for skin cancers and other malignancies (14-17). However, the specificity of this treatment has not been extensively evaluated. In vitro studies have shown that different cell lines respond differently to nanopulses (17, 18) . Here, we chose a human basal cell carcinoma cell line, BCC (TE 354.T) and its paired normal skin cell line, TE (TE353.Sk), and used a variety of measurements to investigate the responses of skin tumor cells and normal skin cells to nanoelectropulse exposure.
Material and Methods

Cell Culture
Paired skin tumor (TE 354.T, basal cell carcinoma) and normal (fibroblast-like) skin cell lines (TE 353.SK) from the same individual were obtained from American Type Culture Collection. Cells were maintained in DMEM growth media (ATCC 30-2002) with 10% heat inactivated fetal bovine serum (FBS, GIBCO, Carlsbad, CA), 50 units/mL of penicillin, and 50 µg/mL of streptomycin (GIBCO, Carlsbad, CA) in a 37 °C, 5% CO 2 tissue culture incubator. Cells are split when they are 70% to 80% confluent.
Pulsed Electric Field Application
Monolayer cells were trypsinized, pelleted, and resuspended at 1 3 10 6 cells/ml. Cell suspensions were exposed to electric pulses in commercial electroporation cuvettes (Genetronics, Inc., San Diego, CA) with 1 mm electrode spacing. The pulse generator is a solid-state, resonant-charged, magnetic compression, diode-opening switch-based system designed and fabricated at the University of Southern California, which delivers 30 ns, 3 MV/m pulses at 50 Hz to low-impedance (10-20 Ω) loads. After pulsed electric field exposure, cells were immediately diluted to 5 3 10 5 cells/ mL for post-pulse incubation and observations.
Fluorescence Microscopy
A Zeiss Axiovert 200M fluorescence microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY) was used to observe changes in fluorescence intensity and cell morphology caused by nanopulse exposure. Briefly, pulsed or unpulsed control cells in cover-glass chambers (Nalge Nunc International, Naperville, IL) were treated with fluorescent dyes according to experimental designs and then analyzed live under the fluorescent microscope with appropriate filters.
Membrane Permeability and Cell Viability
Membrane permeability was determined by nuclear staining with the fluorescent dye propidium iodide (PI, Molecular Probes, Invitrogen, Eugene, OR) either immediately or one hour after nanopulsing. Cells were incubated at 25°C for 5 minutes in growth medium containing 7.5 µM PI. PI-stained cells and total cells were counted under a fluorescence microscope. Membrane permeability is represented as the percentage of total cells that are PI-stained. Results are the mean of three independent experiments (at least 1000 total cells were counted in each experiment). For cell viability, the staining procedure is the same as for membrane permeability, but viable cells are recorded as total cells minus the number of cells stained by PI. For cells growing more than one hour, another fluorescent, DNA-binding dye, Hoechst 33342 (Molecular Probes, Invitrogen, Eugene, OR), was combined with PI for ease of counting. Results are the mean of three independent experiments.
Visualizing Cell Morphology
To assess apoptosis caused by nanopulse exposure, Hoechst 33342 was used to visualize the condensed chromatin in the nuclei of cells. PI was used to monitor dead or necrotic cells. Cells were transferred into 8-well cover-glass chambers immediately after nanopulse exposure, incubated at 37 °C for 2 hours, then stained with 200 nM Hoechst 33342 in the dark for another 30 minutes followed by the addition of PI for 5 minutes. Cells were visualized under a fluorescence microscope; apoptotic cells and dead cells were assessed and recorded.
Caspase Activation
CaspACE TM FITC-VAD-FMK (Promega, AL), a membranepermeant fluorescein isothiocyanate (FITC) conjugate of the caspase inhibitor peptide VAD, was used for caspase activation analysis. Pulsed or unpulsed control cells were transferred into cover-glass chambers and incubated at 37°C. After 4 hours, 10 µm of the CaspACE reagent was added into the medium. Cells were incubated for another 30 minutes, washed with growth medium 3 times, and resuspended again in growth medium. Caspase activation was detected by examination of fluorescence microscope images. Three fields each containing approximately 120 cells were counted for each condition.
Statistical Analysis
Student's two-tailed, paired t test was used to analyze the responses of BCC and TE cells to nanopulsing. Cells were unpulsed or pulsed with 100, 200, and 400 pulses, incubated for two more hours, and then stained with PI. Three parallel experiments were conducted, and the mean PI-positive cell numbers of three samples from each treatment of each experiment were used for statistical analysis.
Results
Membrane permeability: Nanopulse treatment increased cell membrane permeability in both BCC and normal (TE) skin cells; the enhanced membrane permeability was proportional to pulse count (Figure 1) . BCC cells responded to nanopulse exposure similarly to normal cells in doses up to 100 pulses. At 200 and 400 pulses, BCC cells were permeabilized to a greater extent (two-fold at 400 pulses; Figure 1 ) than their matched counterparts as measured by PI uptake. Cell membrane permeability increased approximately linearly in proportion to the pulse count in BCC cells, whereas a plateau at 200 pulses is observed in TE cells. Thus, normal cells appeared to be more resistant to nanoelectropulseinduced permeabilization.
In order to test if the increased cell membrane permeability caused by nanopulses was temporary, we measured half of the cells immediately after nanopulse exposure and incubated the other half 60 minutes after treatment and then checked permeability. About 30% of the normal cells that were PI-positive immediately after nanopulse exposure were no longer positive 60 minutes later (Table I and Figure 2A) , indicating some recovery of normal cells after nanopulsing. However, this did not happen in the case of skin tumor cells, for which 95% of the cells remained PI positive 60 minutes after nanopulse (Table I and Figure 2A ).
Cell viability:
Analysis of cell viability showed that BCC cells and the normal sister cells responded with a small but significant difference (2-tailed, paired t test) in sensitivity to nanopulses ( Figure 2B ). After treatment with 400 pulses, about 45% and 35% of BCC and normal cells, respectively, are nonviable (p = 0.0006).
Cell morphology:
One of the first signs of biological effects caused by nanopulsing is cell morphological changes. Nanopulsed cells (400 pulses) had altered nuclear morphologies, with fragmented and condensed chromatin, compared to unpulsed cells, which had normal appearing nuclei. Interestingly, 50% of the BCC cells showed this altered morphology, which was evident in only a small portion of the normal TE cells (9%) (Figure 3 ).
Nanopulse affects skin cells through an apoptotic pathway:
FITC-VAD-FMK-stained cells showed increased caspase activation in nanopulsed cells (Figure 4 ). 16.6% of BCC cells were caspase-positive compared to only 7.5% in the TE cell samples, four hours after pulse exposure.
Discussion and Conclusions
Medical devices are being developed to apply nanoelectropulse technology to biological systems and in medicine. Several reports have shown different responses of a variety of cell lines to nanopulse treatment (17) (18) (19) . To our knowledge, this is the first report using paired tumor and normal cell lines from the same individual. Our data empirically demonstrate that basal cell carcinoma cells are more sensitive than their normal matched counterpart to nanopulsing, suggesting a therapeutic advantage to nanosecond electrical pulse treatment -preferential killing of tumor cells with less injury to the normal cells surrounding the tumor. . Cells were exposed to 30 ns pulses at 50 Hz, stained with 7.5 µM PI, and incubated at 25°C for 5 minutes. PI-stained cells and total cells were counted using a fluorescence microscope. Results are the arithmetic mean ± SD of three independent experiments. Unlike conventional electroporation, which relies on increasing cell membrane permeability to deliver foreign molecules or drugs into cells (20), nanopulses affect both the external cell membrane and the membranes of intracellular organelles, permeabilizing these structures to ions, water, and small molecules (8, 21) . Our data clearly illustrate that both BCC cells and normal skin cells exhibit increased cell membrane permeability to PI after nanopulse exposure ( Figures  1 and 2) , and that BCC cells are more readily permeabilized than normal cells.
Investigators have suggested that cell membrane permeability increases proportionally to pulse numbers because pore formation is faster than pore resealing, providing a window for the second pulse to amplify the effect (10). Our results Figure 2A : Normal (TE) cells recover from membrane permeabilization to a greater extent than BCC cells. Cells in suspension were exposed to either 400 nanopulses (400 P) or were unpulsed (0 P), and cells were divided. One half was stained with PI immediately after nanopulse treatment (Panel A); the other half was cultured for 60 minutes and then stained with PI (Panel B). Dead or necrotic cells show orange fluorescence.
Figure 2B
: BCC cells are more sensitive to nanopulse killing (PI-positive after one hour) than matched normal skin cells (TE). Cells in growth medium were exposed to 400 pulses -30 ns, 3 MV/m, 50 Hz -or sham exposed, cultured for one hour, then stained with PI. PI-negative cells are counted as viable cells. Results represent the mean ± SD of three independent experiments.
show that basal cell carcinoma cells take up PI immediately after nanopulse exposure, and the increase is proportional to pulse numbers. However, we did not observe the exponential increase described by Schoenbach et al. for trypan blue uptake in B16 melanoma cells after nanopulse exposure (22). The difference could arise from the characteristics of the cell lines, pulsing parameters, or the properties of the indicator dyes.
Trypan blue and PI are both taken up only by extensively permeabilized or dead cells, but trypan blue staining is less stable over time (23) and is more susceptible to artifacts (24). PI becomes strongly fluorescent when bound even to small amounts of cellular nucleic acid. The fluorescence is easily detected and relatively stable over time, and we expect that results using PI are more consistent and repeatable, so we have used it here to show that the survival of BCC cells and matched normal skin cells after nanopulse exposure is different. Cell death of the normal skin cell line at low pulse numbers increases in proportion to pulse count, but reaches a plateau at higher values. These same higher pulse counts kill tumor cells in greater numbers (Figure 1 ).
Killing cancer cells through the induction of apoptosis is a component of numerous cancer therapeutic strategies, including nanopulse treatment (8, 18, 19, (25) (26) (27) . We observed approximately double the number of caspase-positive cells in pulsed BCC cells compared to normal TE cells (Figure 4 ), a selectivity that should enhance the effectiveness of nanopulse therapy for BCC.
In conclusion, we compared the responses to nanopulse exposure of paired skin tumor and normal cell lines from the same individual and showed that skin tumor (basal cell carcinoma) cells are more sensitive than normal skin cells, gauged both by membrane permeabilization and apoptosis induction.
Although confirming experiments with other cell lines are required, our data suggest therapeutic promise for this mode of therapy.
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